Abstract-For the forced-circulation evaporation process of alumina production, the control objectives include maintaining the liquid level and fast tracking of the product density with respect to its setpoint. However, with the strong coupling between the level control and product density control loops and the process exhibits strong nonlinearities, conventional control strategies, such as proportional-integral-derivative and other linear control design, cannot achieve satisfactory control performance and meet production demands. By augmenting the forced-circulation evaporation system model with dynamics of its operating valves, a nonlinear adaptive decoupling switching control strategy is proposed. This control strategy includes a linear adaptive decoupling controller, a neural-network-based nonlinear adaptive decoupling controller, and a switching mechanism. The linear adaptive decoupling controller is used to reduce the coupling between the two control loops. The neural-network-based nonlinear adaptive decoupling controller is employed to improve the transient performance and reduce the effects of the nonlinearities on the system, and the switching mechanism is introduced to guarantee the input-output stability of the closed-loop system. Simulation results show that the proposed method can decouple the loops effectively for the forced-circulation evaporation system and thus improve the evaporation efficiency.
I. INTRODUCTION
T HE FORCED-CIRCULATION evaporation system is the final stage of the liquor burning process in the evaporation system associated with Bayer process for alumina production. The objective of the operation is to remove the organic impurities of the spent caustic liquor so that the liquor can be recycled. In order to improve the evaporation efficiency and to keep the production process smooth, large fluctuations of the liquid level of the evaporator should be avoided and the product density set point must also be tracked closely.
Level control and product density control of the forcedcirculation system are challenging problems because of their inherent complex dynamics, high nonlinearity and strong coupling between the two loops [1] . Indeed, the decentralized control system cannot achieve satisfactory performance for the forced circulation evaporation system. Since the decentralized control method converts the multivariable system into several independent single control loops. It often results in large fluctuations in the liquor level, slow tracking of the product density setpoint, and can even lead to system instability. In order to reduce the coupling between these control loops, several effective methods were proposed in the literature [1] - [7] . In [1] - [3] , the input-output linearization decoupling technique based on differential geometry was proposed for the forced-circulation system and the five-effect evaporation system. In [4] and [5] , the multivariable supervisory control method and the fuzzy control technique were applied to the falling film evaporator system. In [6] and [7] , a model predictive control method was applied to an evaporation system. However, those methods did not take into account the dynamic characteristics of the control valves, which are not negligible. Moreover, parametric uncertainties of the evaporation system were not considered in the afore-mentioned literatures.
Over last decades, the effectiveness of adaptive decoupling control technology has been demonstrated in dealing with parameter uncertainties problems and coupled control loops [8] - [10] . However, since the linear adaptive decoupling controller is based on the linear models, their main drawback associated with these linear controllers is that they perform well only in a small neighborhood around certain operating point, and they cannot achieve desired performances for processes involving strong nonlinearities and large disturbances. On the other hand, research on combining adaptive control and neural networks has made significant progress in recent years [11] - [15] . However, its applications to complex systems such as the forced-circulation evaporation system have not been demonstrated, to the authors' best knowledge. By augmenting the forced-circulation evaporation system with the dynamics of the actuating valves, we propose an adaptive nonlinear decoupling switching controller using neural network in this brief so as to improve the closed-loop performance and the evaporation efficiency.
II. FORCED-CIRCULATION EVAPORATION SYSTEM DESCRIPTION
The schematic diagram flow sheet of the forced-circulation evaporation system is shown in Fig. 1 . The system is mainly composed of a flash tank, a pump, and the steam heaters. The symbols in Fig. 1 In this process, the feed flow (Q F ) is mixed with a high volumetric flow rate of recycling liquor (Q D ) and is pumped into a heat exchanger, which is heated by the steam. Then the liquid enters into the flash tank, where the liquid and the vapor are separated. The liquid is recycled with some drowned off as product. The vapor (m V ) is used as heating steam for other processes. The current control strategy of the forced-circulation system is accomplished by using mutli-loop cascade SISO controllers. The flow rate of the heat steam (m s ) is manipulated to control the product density (ρ), where the valve opening (v 2 (t)) is adjusted for the heat steam flow (m s ). The flash tank liquid level (h) is controlled by the discharge liquor flow (Q P ), where the valve opening (v 1 (t)) is adjusted for the discharge liquor flow (Q P ). Satisfactory performance is difficult to achieve using the conventional control strategy mainly for the following reasons. First, the two loops (the level control loop and product density tracking loop) have strong interactions and there are many disturbances, such as feed flow (Q F ) and feed density (ρ f ), in the forced-circulation system. Second, the parameters of specific heat of the liquor change with the different feed flow, and these changes lead to variations of dynamic characteristics of the forced-circulation system.
III. AUGMENTED PLANT OF THE FORCED-CIRCULATION SYSTEM

A. Dynamic Modeling of the Forced-Circulation System
Assuming that the process was adiabatic, no flashing occurred in the heater and the specific heat capacities of all process streams are constants [2] . The dynamic modeling of the forced-circulation system can be derived from the mass and energy balances principles. In this context, the flash tank level can be derived from the material balance principles as follows [2] :
where Q F is the feed flow rate, A is the cross-sectional area of the flash tank, m V is the flash vapor mass, ρ w is the density of the water, and h is the flash tank liquid level. The flash tank liquid product density can be derived from the mass balance principles as follows [2] :
where ρ F is the feed flow density and ρ is the production density. Flash tank liquid discharge temperature can be derived from the thermal balance principles as follows:
where Q H F is the heater feed rate, ρ H F is the density of the heater feed, c H F is the liquor heat capacity of the heater feed, T H F is the temperature of the heater feed, λ S is the latent heat of the heat steam, and λ v is the latent heat of the vapor flash, where m V , T H F , and Q H F are derived as follows:
where Q D is the recycling liquor flow, c F is the liquor heat capacity of the feed, and c is the liquor heat capacity of the discharge.
B. Dynamic Modeling of the Control Valve
The valve opening can reflect the control inputs in actual process, it can verify whether the design of the controller is reasonable or not. Thus, the dynamics of actuating valves are considered in the controller design process in this brief. The model of the discharge flow, (wherev 1 and q 1 are input variable and output variable, respectively) and the model of the steam flow, (wherev 2 and q 2 are input variable and output variable, respectively) can be constructed using the process data. The dynamics of the above two valves can be described by the first-order plus dead-time models form as follows [16] , [17] :
Using first-order Taylor expansion for the unknown time
Equation (8) can be rewritten into a matrix form as
where Using (8)- (11), the model of the discharge flow and steam flow can be obtained as follows:
C. Augmented Plant Model
Substituting (4)- (6) into (1)- (3) yields the following dynamic model without actuators' dynamics for the system, (13)- (15) , as shown in the bottom of the page.
In this section we describe the augmented plant of the evaporation system by including by two subsystems that represent the valve dynamics. The block diagram of the augmented plant dynamic model for the forced-circulation evaporation system is shown in Fig. 2 .
According to dynamic models of control valves (12) , the proportional-integral-derivative (PID) controller parameters are acquired as follows: 
where q 1 and q 2 are the discharge flow and the steam flow, respectively, u 1 and u 2 are the discharge flow setpoint and steam flow setpoint, respectively. Define h = x 1 , ρ = x 2 , and T = x 3 . Equations (16) and (17) 
Substituting (19), (21) into (13)- (15) and combining the result with (18) and (20), we can derive the augmented plant as follows:
(22) Equation (22) can be written aṡ
where
T with system outputs given by y(t) = Cx(t) where
Actually, the subsystem is composed of valve dynamic model and the PID controller. From a control engineering point of view, the augmented dynamic model of the evaporation system corresponds to a classical cascade feedback control system. The inner loops correspond to the fast dynamics, which is associated to the actuators, and the outer loop corresponds to the control of the evaporation system, which is described by a nonlinear dynamic model. The augmented plant consists of the subsystem and the evaporation system information. Thus, it can effectively improve the control performance.
D. Estimation of Model Parameters
Several model parameters are directly measurable, such as feed flow Q F , and feed temperature T F , etc. Cross-sectional area of flash tank A can be determined from the physical parameters of the forced-circulation system. Latent heat λ S and λ v can be obtained from the saturated steam table. The parameters of liquor heat capacity c and c F are the two major parameters whose identification constitutes a challenging problem. This is because the parameters of the liquor heat capacity can neither be directly measured nor determined indirectly from other variables.
According to (13)- (15), the forced-circulation process with the unknown parameters of the liquor heat capacity can be written asẋ
As it can be seen from (24) and (25), the parameter estimation is a challenging problem because of the model nonlinearity in the system. Indeed, it is a nonlinear parameter estimation problem in nature. The aim of the parameter estimation is to estimate the parameter vectorθ in such a way that response deviation of the system y(t) and the model outputŷ(t, θ) becomes minmal. The objective function can be formulated as
where y(t) andŷ(t, θ) are the system and model output samples at time t, respectively, and N the number of samples. In this brief, the genetic algorithm (GA) is used to solve the above optimization [18] , [19] . The parameter values for the forced-circulation system are obtained as follows:
E. Analysis of the System Dynamic Behavior
To investigate process dynamic behavior, the strong nonlinearity characteristic, uncertain parameters of the system are subsequently introduced in this section.
1) Gap-Metric-Based Nonlinearity Measure for the ForcedCirculation Process:
Recently, a nonlinearity measure via gap metric is proposed to assess the nonlinearity of the nonlinear system [20] , [21] . Grid the operating space of the forcedcirculation byNoperating points, and the nonlinearity measure is defined as [21] (27) where L i N L, L j N L are linearization systems of the nonlinear plant at the i -th and the j -th operating point, respectively.
The value of v is bounded between 0 and 1. The process has strong nonlinearity if v is close to 1. In this case, the linearized system of the nonlinear system would behave quite differently, namely, the dynamics of the nonlinear system in the operating space are rather inconsistent. A single linear controller may not be sufficient to achieve satisfactory performance for the nonlinear system over the entire the operating range, and a nonlinear controller is necessary [21] . On the other hand, the process could be approximated by a linear system if v is close to 0. In this case, the linearized system in the operating space have similar dynamics, that is to say, the dynamic of the nonlinear system are basically the same in the operating space.
The nonlinearity measure v of the forced-circulation system can be calculated by (27) . We can grid the above operating space using 150 operating points and linearize the nonlinear system around these 150 points. Then 150 linear systems are formulated. The gag metric values are computed between the 150 linear systems. Compared with the N × N gaps, the biggest one are chosed as the nonlinearity measure v. The gaps are shown in Fig. 3 .
As it can be seen from Fig. 3 , the measure v = 1. The result shows that the dynamics of the forced-circulation system is quite different at different operating points within its operating range. The process has strong nonlinearity in the operating space and the nonlinear control strategy is required.
2) Uncertainties Parameters Effect to the ForcedCirculation Process:
In most previous research on evaporation system, researchers always treated the c F as known and fixed parameter. However, in reality, the parameter c F is very difficult to be obtained precisely and its value changes with the different operation conditions. Therefore parameter c F is really uncertain. In order to further illustrate the impact of the unknown parameter c F on the system, let us consider the experiment with different liquor heat capacity c F in the steady-state, c F = 3.63, 3.65. The product density (ρ) and the liquid level (h) response can be seen from Fig. 4 .
As can be seen from Fig. 4 , product density (ρ) and the liquid level (h) exhibit large sensitivity even to small variation in parameter c F . Furthermore, it can be seen from (13)- (15) that any variation in the control inputs (Q P , m s ) will affect both system outputs (h, ρ). The evaporator system shows strong interactions between the two loops [22] , [23] . Therefore, it is a challenging issue to propose a nonlinear adaptive control method that can be used in forced-circulation system with unknown nonlinear parameter c F (that affects the system dynamics in a nonlinear fashion), strong nonlinearity and strong coupling characteristics.
F. Model Validation
The goal of model validation is to establish the validity of the dynamic model described in this brief with chosen the proper parameters. In this process, we collect the measured input data and output data from the actual industrial process. Then the model response is generated using the same actual As it can be seen from Fig. 5 , the model's predictions of tank level and the discharge density track the observed trends rather well and the actual system dynamics are correctly "captured." Thus the dynamic model of the forced-circulation system is thus accepted as a reasonable approximation of the actual process and model prediction capability of the forcedcirculation system will be assumed properly for the purposes of this simulation study.
IV. NONLINEAR ADAPTIVE DECOUPLING SWITCHING CONTROL STRATEGY
Discrete model of the augmented plant can be acquired via the Euler method by selecting the sampling period T and the model can be transformed into the NARMA form as follows:
Equations (28) and (29) can be rewritten as a general form where
denotes the discharge flow setpoint and steam flow setpoint.
a smooth vector-valued nonlinear function, n a and n b are the system orders. The augmented plant of the forced-circulation system can be decomposed into a linear model incorporating a nonlinear term around the operating point as expressed in the following formulation [24] :
is the higher order nonlinear item. Equation (31) can be rewritten as follows:
0 .
Remark 1:
Considering the physical restrictions of the forced-circulation process, the nonlinear term v(k − 1) is assumed to be bounded in this brief.
A. Nonlinear Decoupling Controller
In order to decouple the control loops and eliminate the influence of the nonlinear term for the forced-circulation process, the following performance index adopted by [24] is introduced based on generalized predictive control law:
where N denotes a prediction range, r j and λ j are diagonal weighted matrices, K j (z −1 ) is a diagonal polynomial matrix about z −1 , S j (z −1 ) is a polynomial matrix with zero diagonal elements that can eliminate coupling, Q j (z −1 ) are diagonal weighted matrices as expressed in the following formulation:
. . , N are diagonal constant matrices. In order to obtain j -step ahead predictor, we introduce the following Diophantine equations:
are polynomial matrices with zero diagonal elements as expressed in the following formulation:
With (32), (34)-(36), j -step ahead predictor can be given by
In this context, S j (z −1 ) and K j (z −1 ) can be selected to satisfy
whereM j (z −1 ) are polynomial matrices with zero diagonal elements. Substituting y(k + j ) into the performance index yields
.
Minimizing the cost function J with respect to U leads to
, and
. G is the lower triangular Toeplitz matrix, which are the coefficients of G j (z −1 ). Let P = [P 1 , P 2 , . . . , P N ] be the first two rows of (G T λG + Q 0 ) −1 G T λ, and P = [P 1 , P 2 , . . . , P N , ] be the first two rows of (G T λG + Q 0 ) −1 , where P i (i = 1, . . . , N) and P i (i = 1, . . . , N) are 2 × 2 diagonal matrixes. Then it can be obtained that
Equation (40) can be written as
where H c (z −1 ) and Q c (z −1 ) are diagonal polynomial matrices. Define
. Equation (41) can be given bȳ
, and E c (z −1 ) are diagonal polynomial matrices, R c is diagonal constant matrix,M c (z −1 ) is a polynomial matrix with zero diagonal elements. The nonlinear generalized predictive decoupling controller (42) is composed of three parts: namely a generalized predictive controller, a decoupling compensator and a nonlinear compensator. In this context, the generalized predictive controller can be used to realize asymptotical tracking of the output y(k) with respect to a specified bounded signal w(k). The nonlinear compensator is used to eliminate the influence of the nonlinear term v(·) to the controlled output. The decoupling compensator is designed to decouple the control loops. By substituting (42) into (32), the closed-loop system equation can be expressed as
From (43), it can be seen that matrices F c (z −1 ),H c (z −1 ), and z −1M c (z −1 ) are related to the diagonal weighted matrices λ and Q c (z −1 ). Therefore, to guarantee the stability of the system, λ and Q c (z −1 ) should be chosen to satisfy the following condition:
In order to choose the other weighting polynomials, substituting (42) into (32) yields the following equation:
From (45), the tracking errors, the coupling and the effect of the unmodeled dynamics can be eliminated in the steady-state of the closed-loop system, provided that the matrices F c (z −1 ), M c (z −1 ), and R c satisfȳ
As it can be seen from (42) that the linear generalized predictive decoupling controllers can be obtained as
The linear generalized predictive decoupling controllers can be applied to the controlled plant when the nonlinear term v(t) of the system is small and negligible. The nonlinear generalized predictive decoupling controllers should be applied to the plant when the system has strong nonlinearity.
Remark 2: Because of the existence of the uncertainties of parameter c F in the forced-circulation system, the nonlinear decoupling controller in [25] does not work well. This brief introduces a nonlinear adaptive decoupling control strategy, which aims to address the problems associated with parameter uncertainties for the nonlinear systems. Furthermore, the controller design in this brief is based on generalized predictive control law rather than generalized minimum variance law. Thus the parameters selection method in this brief is different from that in [25] .
B. Adaptive Decoupling Switching Control Based on Neural Networks
According to (32), the identification equation of system parameters is
In this brief, two estimation models are used to predict the output of the system. The first one is the linear estimation modelŷ
whereˆ
is an estimation of at instant k-1. The parameter matrix is identified by the following algorithm:
where > 0 is the upper bound of the nonlinear term v(k−1). e 1 (k) is the linear model error
The second one is the neural network nonlinear estimation model given bŷ
wherev(k −1) can be estimated by multilayer neural networks [26] andˆ T 2 (k − 1) is another estimation of at instant k-1. The parameter matrix is identified by the following algorithm:
where > 0 is the upper bound of the nonlinear term v(k−1). e 2 (t) is the nonlinear model error, i.e.,
If nonlinear itemv ( k − 1) is not considered, the linear adaptive decoupling control law based on the linear estimation model is obtained aŝ
From (42), the nonlinear adaptive decoupling control law based on the neural network nonlinear estimation model is obtained aŝ
The linear adaptive decoupling controller can guarantee the stability of the close-loop system. However, it does not consider effects of the nonlinearities on the system output. The performance of control system becomes poor when v(k − 1) is larger. The nonlinear adaptive decoupling controller can reduce the impact of nonlinearity on system output. But it cannot guarantee the stability of the closeloop system. In order to improve performance of control system and ensure the stability for the closed-loop system, a switching mechanism is introduced. The switching criterion is defined as
where N is an integer and α ≥ 0 is a predefined constant. i = 1 stands for the linear model, i = 2 denotes the nonlinear models. At each time instant k, the linear estimation model and the nonlinear model predict the system output, and the parameters of models are updated through the input-output data. At the same time, we calculate J 1 (k), J 2 (k), and choose the control law u * (t) corresponding to the smaller J * (k) to be applied to the system. Theorem 1: When the adaptive control algorithm (52)-(54) and (56)-(58) and the switching mechanism (61) are applied to the system, the input and output signals of the closedloop system are bounded, i.e., ||y(k)|| < ∞, ||u(k)|| < ∞. Moreover, the generalized tracking error of the closed-loop system satisfies
Proof: Using the method in [24] , the following properties can be given:
where d is a finite positive number and i = 1, 2, . . . . When adaptive control algorithm (52)-(54) and the linear adaptive decoupling control law (59) are applied to (32), the system input-output dynamics equations are ⎡
The meaning of "•" can be seen from [10] .
When adaptive control algorithm (56)- (58) and the nonlinear adaptive decoupling control law (60) are applied to (32), the system input-output dynamics equations are (64), as shown in the bottom of the page.
First, we prove the boundedness of the input and output signals when the linear adaptive decoupling controller (59) is used alone.
The coefficients ofÂ 1 (z −1 ) andB 1 (z −1 ) are bounded for every t from (b). Thus, the coefficients of
, and E c (z −1 ) are all bounded from (46)-(48). Using the similar reasoning as in [10] , the following equation can be obtained:
From 3) and (63), it follows that the coefficients of all terms in the square brackets in (63) approach zero as t goes to infinity. Since 
Then boundedness of X (k−1) can be obtained from the boundedness of e 1 (k). Using the similar methods [28] , the boundedness of e 1 (k) can be proved by the contradiction. Thus, we obtain that X (K − 1) is bounded, i.e., the input and output signals of the closed-loop system are bounded when the linear adaptive decoupling control law (59) is used alone. Secondly, we prove the boundedness of the input and output signals when the adaptive algorithm (52)- (54) and (56)- (58) and the switching mechanism (61) are applied to the system. Using (62), the second term in (61) is always bounded, and combine the property 1), it can be obtained that
In this case, the linear adaptive decoupling controller (59) will be applied to system by the switching mechanism. From the analysis above, the closed-loop system is stable.
2)
Using the switching mechanism, the nonlinear adaptive decoupling controller (60) will be used to control the system. According to (64) and boundedness of the interference input w(k) andv(k), and using the similar way, there exist positive constants c 7 , and c 8 such that
On the other hand, since J 1 (k) is always bounded and
Combining the switching function (61) with the boundedness of J 2 (k), we have
By using (66) and (67), as well as [19, Lemma 3 .1], we can obtain that X (k − 1) is bounded, i.e., the input and output signals of the closed-loop switching system is bounded. Finally, we analyze the convergence of the closed-loop system. From (67), and the boundedness of X (k−1), we obtain that the estimation error of the switching system e(k) = e 1 (k) or e 2 (k) should satisfy
From (65)- (67), it can be obtained that
According to the definition of μ j (k) and (68), it can be obtained that
When the linear adaptive decoupling controller (59) is applied to the system, it can be obtained that
Then the following equation can be obtained:
Similarly, when the nonlinear adaptive decoupling controller (60) is applied to the system, it can be obtained that the generalized tracking error of the closed-loop switching system should satisfy 
The proof is thus completed. Remark 3: Theorem 1 guarantees the BIBO stability of the closed-loop system. It is should be noted that the proposed method can not only deal with the strong nonlinear dynamics but also cope with the strong couplings and uncertain parameters in the forced-circulation system.
V. SIMULATION RESULTS
Simulation results presented here are achieved by applying the proposed method to the forced-circulation evaporation system. While (22) is used as the nonlinear model for the simulation, discrete-time model given by (32) is used as the controller design model. Using the least-squares identification algorithm, the initial design model can be obtained around the nominal operating point as follows:
where the system orders are n a = 2, n b = 1. In this case λ = I , N = 3, and Q 0 = diag{0.01 0.03 1 1 1 1} are selected, and the parameters of the switching criterion are chosen to be α = 1, N = 2, and = 0.3. Two groups of multilayer neural networks are adopted. Three illustrative examples are provided to demonstrate the performance of the proposed nonlinear adaptive decoupling switching control. The examples will show the following three scenarios: namely the effect of setpoint changes, parametric uncertainties, and the load disturbances on the control system. The experiments are designed as follows. The level setpoint of the forced-circulation system evaporator does not change during the experiment process. In order to study the tracking performance of the adaptive decoupling switching controller, the product density is changed from 1429.4 to 1435 kg/m 3 at t = 0-2 h. For comparison, the linear GPC control strategy is adopted in this process. The product density is changed from 1435 to 1440 kg/m 3 at t = 2-5 h, and the effect of changes of the specific heat of the liquor are simulated during the process, the specific heat of the liquor is varied from 3.61 to 3.63 kJ/(kg· kJ/(kg·°C) at t = 3 h. The offset-free MPC [28] , [29] strategy is adopted for the comparison. Effect of the external disturbance are simulated during t = 5−7 h, where a random bounded disturbance is added to the feed flow rate and the feed density at t = 5, the ranges of the feed flow rate and the feed density are 76-84 m 3 /h and 1361-1369 kg/m 3 , respectively. The setpoint of product density changes from 1440 to 1435 kg/m 3 . For comparison, the situation of no external disturbances is also shown (__. No disturbance __. External disturbances) in this brief.
The simulation results of the setpoint tracking are shown in Figs. 6-9. It can be seen that the system performance is not good for the linear GPC strategy. The product density reaches the steady-state very slowly, whereas the level features large fluctuations. The nonlinear adaptive decoupling switching controller can reduce the coupling between the level loop and the density loop.
In the presence of the uncertain parameters, the level of the evaporator undergoes less fluctuations and the product density can track the setpoint quickly. It is worth noting that the proposed method can reduce the impact of the uncertainties on the system. The level and the density are quickly steered to the setpoint when the disturbance occurs. The offset-free MPC is applied to the forced-circulation system simultaneously [29] , [30] . As it can be seen from Fig. 6 , the offset-free MPC can track the setpoints very quickly and can eliminate the steady-state error. Compared with offset-free MPC method, the proposed method can achieve slight better control performance. Moreover, in order to eliminate the steady-state error, the offset-free MPC should obtain the unmeasured disturbance model and estimator. At the same time, the augmented system should be detectable and should satisfy certain conditions [29] . Thus, the adaptive method is relatively simple to handle the model parameters uncertainties problem when compared with the offset-free MPC method.
In the presence of the external disturbance, it can be seen that the dynamic behaviors of both level and produce density under the external disturbances can achieve good control performance. Therefore, it can be concluded that the nonlinear adaptive decoupling switching control method is highly robust for the actual forced-circulation evaporation process.
VI. CONCLUSION
A nonlinear adaptive decoupling switching control strategy has been proposed in this brief for the forced-circulation system of the alumina production. The plant dynamics are shown to be multivariable, strongly coupled, nonlinear, and uncertainties. It has been shown that the proposed method can not only mitigate nonlinearities and reduce the interactions between the density control and the level control loops, but also improve the transient performance and the evaporation efficiency for the forced-circulation system. Since the forcedcirculation evaporation system is used widely in chemistry, metallurgy, paper making, food and salt processes, etc., the proposed method has a wide application and can be applied to these industry processes with minor modification.
